Introduction {#Sec1}
============

Currently, 75% of the Earth's surface had experienced measureable human pressures, i.e. commonly related to activities of humans which cause a negative effect towards biodiversity (Venter et al. [@CR32]; Jones et al. [@CR13]). Human activities lead to habitat fragmentation, conversion of natural habitats to production land uses, introduction of exotic species and have caused biodiversity losses (Cardinale et al. [@CR4]; Hooper et al. [@CR8]), also the spread of invasive alien species (Lowe et al. [@CR18]), and climate change (Walther et al. [@CR33]; Kalnay and Cai [@CR15]) on a global scale and at a rapid rate. Nature in general (and particularly the animal kingdom) is forced to respond and adapt to the resulting changes in environment (Lowry et al. [@CR19]).

In this context, researchers have developed tools to measure the impact of human activities on Earth surface (Jones et al. [@CR13]). One of these tools is the Human Footprint Index (HFI) which is a proxy for human population density, settlements, crop/pasture land, roads, and other access points, night-time lights, and incorporates factors such as the size and remoteness of a given area (Sanderson et al. [@CR25]; Venter et al. [@CR32]; Jones et al. [@CR13]). Human Footprint Index is a global map, a dataset of 1-km indexed grid cells which covers all continents except Antarctica and remote islands (Sanderson et al. [@CR25]; Jagiello et al. [@CR12]).

Associated with increasing global human population size, the amount of waste produced is also growing. Globally, three million tonnes of waste are discarded daily (Hoornweg et al. [@CR10]); it is estimated that by 2025, this amount will double to six million tonnes a day (Hoornweg and Bhada-Tata [@CR9]; Hoornweg et al. [@CR10]). In developed countries, 59% of waste is disposed of in landfills (Hoornweg and Bhada-Tata [@CR9]), which, since they contain a constant, abundant, and predictable supply of organic waste, have become a new important source of food for animals globally. To date, 98 different vertebrate species have been observed foraging on landfills worldwide (Plaza and Lambertucci [@CR21]).

In Spain, the implementation of large open landfills at the end of the 1980s has apparently contributed to the recovery of declining by 11% populations of the white stork *Ciconia ciconia* (Senra and Alés [@CR26])*.* In fact, the reproductive population of white storks in Spain increased by a factor of five between the 1980s and 2004 (Lázaro et al. [@CR16]; Molina and Del Moral [@CR20]), probably because of changes in the species' migratory behaviour and an increase in the survival rate of juveniles associated with food in open landfills (Gómez-Tejedor and de Lope [@CR6]; Tortosa et al. [@CR30]; Blanco [@CR3]; Tortosa et al. [@CR31]). Similarly, the white stork population in France, which had undergone a marked decline starting in 1960, has increased in western France since 1980 due to reintroduction programmes and the use of landfills as food source (Barbraud et al. [@CR2]).

However, landfills happen to be sources of environmental contimants, such as brominated flame retardants which can negatively affect birds foraging on or near to landfills (Tongue et al. [@CR29]). Moreover, landfills can represent contribution of new sources of anthropogenic nest materials (Witteveen et al. [@CR37]). In avian taxa, the incorporation of durable anthropogenic nest materials (hereafter called 'debris') into nests may be considered a consequence of human activities (Wang et al. [@CR34]; Lee et al. [@CR17]). This is consistent with the fact that in an environment with greater human activity, as measured by the HFI, where the probability of debris incorporation into nests is higher (Jagiello et al. [@CR12]), birds incorporate debris intentionally perhaps as a result of scarcity of natural nest materials in human-impacted environments (Antczak et al. [@CR1]; Lee et al. [@CR17]; Reynolds et al. [@CR24]), ectoparasite defence (Suárez-Rodríguez et al. [@CR28]), or signal to conspecifics (Sergio et al. [@CR27]).

Previous studies on white storks indicate that this species incorporates debris, such as plastic string, foil, rubber band into nests (Henry et al. [@CR7]; Jagiello et al. [@CR11]), and forages on landfills (Henry et al. [@CR7]; Plaza and Lambertucci [@CR21]). We suspect that landfills can act as a additional source of replacement of scarce natural materials in highly human impacted environments (as measured by HFI). A previous study showed that white storks collect debris from the vicinity of their nests (Jagiello et al. [@CR11]). Therefore, white stork can be considered a suitable species for investigating the nest content in environments which differ in urbanization level.

In this study, we investigate the incorporation of debris by white storks into their nests along with an urbanization gradient. We aim to test whether human activity (as measured by HFI) is reflected in the frequency (ratio between the number of nests without debris and nests with debris, and then also considered number of pieces of debris and the total mass of debris) of the incorporation of debris into white storks' nests, and whether this incorporation is related to distance to the nearest landfill. Individuals from environments under greater human activity on environment are predicted to use landfill-derived nest material resources more often, which would be evidenced by greater numbers of nests incorporating human-derived nest materials and in a higher number and total mass of debris in nests. Through this research, we aim to focus more specifically on one species nesting along urbanization gradient, in relation to distance of the nearest landfill.

Materials and methods {#Sec2}
=====================

The data were collected in locations around the city of Madrid (Central Spain): (1) La Torrecilla (40°18′N, 3°37′W); (2) Alcalá de Henares (40°29′N, 3°21′W), (3) Prado Herrero (40°44′N, 3°49′W) and (4) Valle del Lozoya (40°55′N, 3°48′W) (Fig. [1](#Fig1){ref-type="fig"}). The nests were selected according to the criterion of increasing proximity to the large city of Madrid, ranging from 60 to 0.5 km away. La Torrecilla and Alcalá de Henares are human-altered areas---as measured by HFI (in both locations human activities are high) south of Madrid; the storks nest in the former is on a cattle farm, in the vicinity of Madrid's biggest landfill, whereas the latter locations is a city with approximately 200,000 inhabitants (Prieto [@CR22]). Prado Herrero is a private cattle farm inside a protected area (Cuenca Alta del Manzanares Regional Park), whereas the Valle del Lozoya is located in an area characterized by ash trees (*Fraxinus angustifolius*), also settled inside a protected area (Guadarrama National Park); both of these localizations are found north-west of Madrid. Prado Herrero and Valle del Lozoya represent low human activities, measured by HFI. Prado Herrero is a part of long-term study on white stork breeding biology. The study sites were selected in order of designing urbanization gradient; what is more, we treated each nest independently, so we calculated the HFI and the distance to the nearest landfill for each nest. Only Prado Herrero and La Torrecilla are white stork colonies, where nests were selected randomly for closer examination. Therefore, for the analysis to control spatial autocorrelation, we added geographical latitude and longitude of nest locations in all models as the interaction of regression splines (Wood [@CR38]).Fig. 1The map showing the locations of the study (black points) and landfills (blue points)

The data were collected during the 2018 breeding season, within the ringing period for nestlings (between 25 and 45 days of age), exclusively from nests characterized by successful breeding (production of at least one fledgling). We recorded whether there was debris (materials which are from human origin, like plastic, paper, cloth) on the surface of the nest or not, to identify only debris which was brought by storks in the focal breeding season. When present, debris was collected for subsequent analysis. We collected debris when it was possible to remove them from the nest. In some cases (34% from 28 nests), this was not possible because items were firmly attached to the nest structure. For those items, we recorded type (as plastic, cloth, paper, and other) and number of pieces of debris.

We assigned HFI values to each sampled nest. The Global HFI dataset was downloaded from the NASA Socioeconomic Data and Applications Center website (<http://sedac.ciesin>.columbia.edu/data/set/wildareas-v2-human-footprint-geographic/data-download). The Human Footprint Index was assigned with an accuracy of 1 km^2^. The sampled nest formed the central point of each grid. Whenever sampled nests were found in the same immediate vicinity, normally within a radius of less than 500 m (Jovani and Tella [@CR14]; Molina and Del Moral [@CR20]), the same HFI value was assigned to all of them. In addition, we measured the distance from each nest to the closest landfill, in order to determine whether the vicinity of a landfill affected the number of items and total mass of debris in nests.

Data analyses {#Sec3}
-------------

We used general additive models (GAMs) to test relationships between debris incorporation in the nests of white storks and the surrounding environment. For reasons of multicollinearity between explanatory variables: HFI and distance to landfill (VIF \> 3), we built separate models for each explanatory variables. We used Z-sore transformation to standardize explanatory variable. To evaluate the effect of HFI (GAM_1) and distance to landfill (GAM_2) on number of pieces of debris in the nest, we used Poisson error structure and log link function (Zuur et al. [@CR40]). To evaluate the effect of HFI (GAM_3) and distance to landfill (GAM_4) on the total mass of debris (natural logarithm transformed), we used Gaussian error structure and identity link function (Zuur et al. [@CR40]). To control for spatial autocorrelation, we added geographical latitude and longitude in all models as the interaction of regression splines (Wood [@CR38]). In all analysis, we used a significance value of *p* \< 0.05. The spatial measurements and analyses were performed with QGIS (version 2.18.15) software. The statistical analyses were carried out in R 3.4.3 (R Core Team [@CR23]). The models were calculated in the mgcv package (Wood [@CR39]). Data visualization was carried out in the ggplot2 package (Wickham [@CR35]).

Results {#Sec4}
=======

In total, we examined 49 nests in detail for four locations: La Torrecilla (9), Alcalá de Henares (8), Prado Herrero (25), and Valle del Lozoya (7). In 28 (57% out of 49) nests, we collected debris; in six of these, there were more than 10 items, whereas in 21 nests, there was no debris.

The number of pieces of debirs incorporated in the white stork nests was positively related to HFI (Wald χ^2^ = 12.08, *p* = 0.001, Table [1](#Tab1){ref-type="table"}) and negatively related to distance to landfill (Wald χ^2^ = 15.35, *p* = 0.03, Table [1](#Tab1){ref-type="table"}). The graphical visualizations using a cubic spline showed that number of pieces of debirs increased with to HFI (Fig. [2a](#Fig2){ref-type="fig"}) in case and decreased with the distance to landfill (Fig. [2b](#Fig2){ref-type="fig"}). The total sum of debris weight was significantly negatively related with distance to landfill (F = 2.48, *p* = 0.03, Table [1](#Tab1){ref-type="table"}); however, we did not found significant relationship with HFI (F = 0.49, *p* = 0.10, Table [1](#Tab1){ref-type="table"}, Fig. [2c](#Fig2){ref-type="fig"}). The graphical visualizations using a cubic spline showed that total sum of debris weight decrease with the distance to landfill (Fig. [2d](#Fig2){ref-type="fig"}).Table 1Results of the models including the effects of Human Footprint Index and distance to landfill on the number of pieces of debris items and total massedfRef.dfStatistic*p* value*Number of pieces of debris*  *GAM 1 R*^*2*^ *= 69.4%*    Latitude1.98225.15\< 0.001    Longitude2.0028.580.01    HFI3.91912.080.001  *GAM 2 R*^*2*^ *= 68.7*%    Latitude2.00217.40\< 0.001    Longitude2.0023.010.22    Distance to landfill7.20915.350.03*Total mass of debris*  *GAM 3 R*^*2*^ *= 61.5%*    Latitude1.00120.54\< 0.001    Longitude1.8021.930.16    HFI1.8290.490.10  *GAM 4 R*^*2*^ *= 68.8%*    Latitude1.0010.030.86    Longitude1.0010.210.66    Distance to landfill7.9792.480.03*edf* effective degrees of freedom, *Ref.df* reference number of degrees of freedom used for hypothesis testing, Statistic -- Chi-square for GAM_1 and GAM_2; *F* for GAM_3 and GAM_4Fig. 2The relationship between number of pieces of debris per nest and (a) the Human Footprint Index (HFI), and (b) distance to landfill, and between the total mass of debris per nest and (c) HFI, and (d) distance to landfill in white storks nesting in Madrid and its environments in 2018. The solid curves are based on cubic splines with SE

Discussion {#Sec5}
==========

Our study shows that the incorporation of debris by white storks into their nests is related to human activity (measured by HFI). Moreover, the distance from a stork colony to the nearest landfill appeared to be related to the number of items incorporated into nests.

The number of pieces of debris items in nests increased along with higher values of the Human Footprint Index. High values of the HFI means that environment is highly altered by humans presence and human activities, i.e. human population density, settlements, crop/pasture land, roads, and other access points, night-time lights, and incorporates factors such as the size and remoteness of a given area. As HFI measures human impact, the incorporation of debris into nests represents a response on the part of white storks to human impacted environment. This is consistent with results from a global literature review (Jagiello et al., [@CR12]) and empirical research on this topic (e.g. Wang et al. [@CR34]; Lee et al. [@CR17]). A study on Chinese bulbuls *Pycnonotus sinensis* indicated that the use of debris by members of this species in their nests increased with urbanization (Wang et al. [@CR34]). Interestingly, a study of black-faced spoonbills *Platalea minor* nesting in highly human-altered environment (metropolitan city of Incheon in South Korea) showed that experimental provision of natural nest materials reduced the number of debris items in nests (Lee et al. [@CR17]). We showed, this effect as measured by HFI and relationship to the distance to landfill on populations along a urbaniazation gradient. Moreover, our study concerns terrestrial birds nesting in close proximity; thus data are provided from many nests in the same location, which gives a clearer view of the effect of the environment.

The relationship between the distance from a nesting location to the nearest landfill and the number of debris items in nests was significant. The probable cause of this effect is that individuals nesting in more urbanized environments use landfill-derived nest material resources more often than storks nesting in a less urbanized environment (A. López-García pers. obs.)

The Spanish white stork population has been reported foraging on landfills since the 1980s and 1990s (Gómez-Tejedor and de Lope [@CR6]; Tortosa et al. [@CR30]; Blanco [@CR3]). Moreover, a study of white storks by Henry et al. ([@CR7]) revealed that distance from the colony to the landfill was a factor negatively influencing the number of ingested rubber bands, which were being mistaken for prey (earthworms Lumbricidae) and consumed by nestlings.

Changes in the environment such as conversion of land into production land, intensification of agriculuture, and spread of urban areas caused by humans could not only cause food shortage but also limit the availability of natural nest materials (Antczak et al. [@CR1]; Lee et al. [@CR17]). Landfills provide not only new food supplies, which can be harmful (Tongue et al. [@CR29]), but also new nesting materials. We have no proof that storks collect debris directly from landfills, but this is possible, since, when distances from colonies to landfills were smaller, numbers of debris items in nests were higher.

Overall, the incorporation of debris into nests is the white stork's response to human activity. We observed a positive relationship between white storks nest and in nest's surrounding area expressed in the number of pieces of debris. Thus, the white stork could serve as a potential indicator of debris pollution in the surrounding environment (Jagiello et al. [@CR11]). Maps of debris (e.g. plastic) pollution/distribution are not available for the terrestrial environment, as opposed to the marine environment (Eriksen et al. [@CR5]). Moreover, the creation of maps concerning terrestrial pollution is strongly advisable (Jagiello et al., [@CR12]), as contamination of plastic in environment is a critical issue on a global scale. Until now, there is only one global project concernig the marine debris and measuring the pollution of the coasts, conducted by CSIRO Marine Debris Research. Highlighting the fact of constant overproduction of waste globally, with growing human populations, the impact of pollution with debris on fauna is expected to grow (Wilcox et al. [@CR36]) in the future. Therefore, composition of white storks' nests can provide a proxy of nesting behaviour of other bird species in close relation to humans in reponse to anthropogenic activities.
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